Many natural and synthetic anticancer agents with the ability to interact with DNA have been discovered, but most of them have relatively low therapeutic index. This is probably related to the fact that these derivatives cause DNA damage in an unspecific manner, inducing unselective growth inhibition and death, both in neoplastic and in highly proliferative normal tissues. For these reasons, there has been considerable interest in finding small molecules able to alkylate the DNA with a much higher degree of sequence specificity and to modify the function of nucleic acids irreversibly. Analogues of naturally occurring antitumor agents, such as distamycin A, which bind in the minor groove of DNA, represent a new class of anticancer compounds currently under investigation. Distamycin A has driven researcher's attention not only for the biological activity, but also for its non intercalative binding to the minor groove of doublestranded B-DNA, where it forms strong reversible complex preferentially at the nucleotide sequences consisting of 4-5 adjacent AT base pairs. The pyrrole-amide skeleton of distamycin A has also been used as DNA sequence selective vehicle for the delivery of alkylating functions to DNA targets, leading to a sharp increase of its cytotoxicity, in comparison to that, very weak, of distamycin itself. The DNA alkylating and cytotoxic activities against several tumor cell lines are reported and discussed in terms of their structural differences in relation to both the number of N-methyl pyrrole rings and the type of the alkylating unit tethered to the oligopeptidic frame.
Hybrid molecules based on distamycin

Introduction
A number of innovative research approaches aimed to target the malignant abnormalities of tumor cells are in development. The targets of these approaches include pathways for oncogenes, tumor suppressor genes, components of the cell cycle, regulation of apoptosis and telomerase. Cytotoxic agents will continue to represent an essential part of the therapy for several years to come, possibly in combination with novel agents. This implies a need for new cytotoxics, with greater or broader activity and lower toxicity. The putative mode of action of many antitumor agents involves DNA damage, however most of DNA-interacting agents have only a limited degree of sequence specificity, which imply that they may hit all the cellular genes. For these reasons, there is currently interest in the study and development of low molecular weight sequence-selective agents interacting with double-stranded DNA. These molecules are frequently based on natural products and have been investigated for their ability to interact selectively with the minor groove of DNA. 1 One of the most studied minor groove binders is distamycin A. Distamycin A 1 is a naturally occurring antibiotic agent isolated in 1962 from the cultures of Streptomyces distallicus active against some viruses, Gram-positive bacteria and protozoa (but inactive as antitumor agent). 2 As reported in the Figure 1 , distamycin A 1 is characterized by the presence of an oligopeptidic pyrrolecarbamoyl frame ending with an amidino moiety, which reversibly binds to the minor groove of DNA by hydrogen bonds, van der Waals contacts and electrostatic interactions with a strong preference for adenine-thymine (AT) rich sequences containing at least four AT base pairs. 3 The tetrapyrrole distamycin A homologue 2, although exerting very low cytotoxic activity on L1210 leukaemia cell line, is always almost 20-fold more active than the distamycin A and increasing the number of pyrrole units of the oligopeptidic frame increases the sequence specificity for longer tracts of AT-rich DNA, as a result of the greater availability of hydrogen bonding and van der Waals surface.
The synthesis of different analogues of distamycin A allows to establish some important molecular requirements for bioactivity. With the objective to identify novel promising candidates, distamycin A 1 and its four pyrroles homologue 2 have been used as DNA minor groove sequence-selective vector of alkylating functions, in which the formyl group has been substituted by benzoyl nitrogen mustard (BAM), chlorambucil (CHL), halogenoacryloyl, epoxycarbonyl moieties, leading to compounds (with general formula 3) endowed with relevant cytotoxic and antitumor activity than distamycin and 2 themselves, respectively. 
Hybrid compounds between cytotoxics and distamycin A
In the last ten years, several hybrid compounds, in which known antitumor compounds or simple active moieties of known antitumor agents have been tethered to distamycin and netropsin frames, have been designed, synthesized and tested. 5 The nature of antitumor agents and therefore also the rationale that led to these compounds were different. Our strategy is represented by hybrid molecules, the so called combilexins, combining derivatives of naturally occurring alkylating agent or moiety, with a DST-like minor groove binder with the aim of combining high DNA affinity and sequence selectivity. In general the interaction with DNA tends to be dominated by the minor groove binding moiety, i.e. the conjugates bind to the minor groove with preferential interaction with TA-rich sequences.
PBD-distamycin A hybrids
The pyrrolo [2,1-c] [1, 4] benzodiazepine (PBD) group, 6 which includes the natural compounds anthramycin (4) and DC-81 (5), owes its DNA-interactive ability and resultant biological effects to an N10-C11 carbinolamine/imine moiety in the central B-ring which is capable of covalently binding to the C2-NH 2 of guanine residues in the minor groove of DNA.
The complex is stabilized by hydrogen bonds from C9-OH, N10 and the end of the acrylamide tail to base pair edges on the floor of the minor groove. X ray and footprinting studies on covalent DNA-PBD adduct have demonstrated a high sequence-specificity for G-C rich DNA regions, in particular for X-G-X triplets (X=purine). 7 Both our 8, 9 and Lown's group 10 have reported the synthesis, biological activity and DNA binding properties of novel hybrids (6-9), consisting respectively of one, two, three or four pyrrole amide units linked to a pyrrolo [2,1-c][ 1,4] benzodiazepine 10, through a spacer arm, in order to study the structure-activity relationship between length of the oligopyrrolic frame, antiproliferative activity and sequence specificity ( Figure 2) . The rationale that led to the synthesis of this series of pyrrolo[2,1-c] [1, 4] benzodiazepinelexitropsin conjugates was to tether the distamycin A frame, which plays the role of pure minor groove binder, to the minor groove alkylating moiety represented by the pyrrolo[2,1-c] [1, 4] benzodiazepine (PBD) 10, with the aim to obtain new derivatives which could result more cytotoxic than the parent compounds. In these new hybrids (6-9), we conjugated the capability of PBD 10 to covalently bind to GC-rich sequences, with that of distamycin's different recognition pattern. The antiproliferative activity of the hybrids has been evaluated in vitro by using both the human chronic myeloid leukaemia K562 and the T-lymphoblastoid Jurkat cell lines. The results obtained are summarized in Table 1 and compared to antiproliferative effects of the natural product distamycin A, and the PBD methyl ester 10. The results obtained demonstrate that the hybrids (6-9) exhibit different DNA-binding activity with respect to both distamycin A 1 and PBD 10. In addition, a direct relationship was found between number of pyrrole rings present in the hybrids (6-9) and stability of drugs/DNA complexes. With respect to antiproliferative effects, it was found that the increase in the length of the polypyrrole backbone led to an increase of in vitro antiproliferative effects, i.e. the hybrid 9 containing the four pyrroles distamycin analogue, was more active than (8) both against K562 (IC 50 µM, 0.07 vs. 0.8, respectively) and Jurkat (IC 50 µM, 0.04 vs. 0.7, respectively) cell lines.
On regard of the above mentioned derivatives 8 and 9, it can be observed that they are much more active than distamycin A (1). Only derivatives 8 and 9 retain a higher antiproliferative activity when compared to PBD 10 alone. In fact, compounds 6, containing only one Nmethylpyrrole unit, showed negligible inhibitory activity or no activity at all on K562 and Jurkat cell proliferation, with IC 50 values of 80 and >100 µM, respectively. On the other hand, 7, containing two pyrrole moieties, exhibited to some extent antiproliferative activity on the Jurkat cell line (IC 50 6µM), being scarcely active on K562 cells (IC 50 50 µM). DC-81 was found to retain antiproliferative activities similar to those exhibited by compound 10.
Taken together, these findings are consistent with the hypothesis that a tighter DNA binding, depending on the multiplicity of interactions between the pyrrole carbamoyl units and A-T rich sequences of DNA, is crucial for antiproliferative effects of PBD-distamycin related compounds. Accordingly, the tri-and tetrapyrrole hybrids 8 and 9 are the most potent antiproliferative compounds of this series, exhibiting probably higher binding affinities with respect to the mono-and dipyrrole conjugates 6 and 7, due to additional amido hydrogen bonds and van der Waals interactions.
These data suggest that the higher antiproliferative activity of hybrid molecules containing pyrrolo [2,1-c] [1, 4] benzodiazepine (PBD) and minor groove oligopyrrole carriers containing three and four pyrrole moieties is due to the recognition of additional binding sites than distamycin, as well as to an increase in the stability of drugs/DNA complexes. This is a reasonable hypothesis, since a tighter DNA binding could depend on the increased multiplicity of interactions between the increased number of pyrrolecarboxyl units and target DNA sequences. The PBD-distamycin hybrid 8 is also able to inhibit the DNA binding of the transcription factor Sp1. 11 The results obtained demonstrate that treatment of Sp1 target DNA with PBD-distamycin hybrid 8 renders the site unrecognizable by nuclear proteins. These data are in our opinion of interest, since transcription factors belonging to the Sp1 superfamily are very important for the control of transcription of cellular and viral genes, including the oncogenes Ha-ras and c-myc, the collagen-α1 (I) gene and the human immunodeficiency type 1 virus (HIV-1). 12 The hybrid compounds 6-9 are also strong inhibitors of in vitro and ex in vivo transcription directed by the long terminal repeat (LTR) of HIV-1. 13 The higher inhibition of HIV-1 LTR directed transcription by these hybrid molecules was observed for the derivatives with three and four pyrrole moiety (compounds 8 and 9, respectively) and it was mainly due to an increase in the stability of drugs/DNA complexes. With respect to the possible use of these compounds for therapeutic anti-HIV approaches, in vivo toxicity should be carefully analysed. As we have reported before, unfortunately, compounds 8 and 9 exhibit high antiproliferative activity, and therefore are expected to be toxic when administrated to cells. However, compounds containing lower numbers of pyrrole moieties could still exhibit biological activity, displaying at the same time low antiproliferative effects. In this context, the two pyrroles hybrid 7 appears of great interest, since it exhibits inhibitory effects on HIV-1 driven transcription, but low inhibitory effects on cell growth of Jurkat cells, and, therefore, could be proposed in further experiments (including bioavailability, gene expression profiling and in vivo toxicity) aimed at developing novel anti-HIV agents. The potential utility of the hybrids 7-9 as future chemotherapeutics for the AIDS therapy was confirmed by their ability as RNA-binding drugs, which can interrupt protein/TAR-RNA interactions and Tat-induced LTR-driven HIV-transcription. 14 Tat is a regulatory protein that is required to induce high-level transcription of the HIV-1 genome after binding to a structured TAR-RNA. Tat-induced transcription of the HIV-genome is strongly enhanced by the interaction of the human cyclin T1 with the loop region of structured TAR-RNA. For this reason, inhibition of this complex assembly may represent a new target for anti-HIV compounds. Among the active molecules, compound 7 appears to be of interest, since it exhibits the lowest cytotoxic profile.
CPI-distamycin A hybrids
It has also been evaluated the synthesis of a series of hybrids which represent a molecular combination of polypyrrole minor-groove binders structurally related to the natural antitumor agent distamycin A, and two pyrazole analogues of the left hand segment called cyclopropylpyrroloindole (CPI) of the potent antitumor antibiotic (+)-CC-1065. 15 (+)-CC-1065 (11) (Figure 3 ) is a member of the class of cyclopropylindole antitumor antibiotics firstly isolated from Streptomyces zelensis by scientists at the Upjohn Company, 16 and
it is a highly potent natural agent with activity both in vitro and in experimental animals. 17, 18 Studies on the mechanism of cytotoxic action have shown that CC-1065 affords its biological activity through binding to double-stranded B-DNA within the minor groove at AT-rich sequences and selectively alkylating at the N 3 position of the 3'-adenine by its cyclopropylindole (CPI) subunit 12. 19 Despite its high potency and broad spectrum of antitumor activity, CC-1065 cannot be used in humans because it causes delayed death in experimental models. DNA and poor water solubility, it was reasoned that it may be beneficial to tether these alkylating compounds to a DNA binding vector, such as polypyrrole pseudopeptides, which can permeate cell membranes and has the potential to control specific gene expression. The vector could therefore deliver the reactive group more efficiently and in a sequence-specific manner to the DNA. Moreover, water solubility made these hybrid compounds attractive to overcome the administration problem of CC-1065 derivatives.
In synthesizing these novel water-soluble hybrids, we wanted to increase the potency of pyrazole CPI analogues 13 and 14 by increasing their affinity for DNA and to determine the structure-activity relationship between the length of the oligopyrrolic frame, antitumor activity and sequence specificity. As evident from Table 2 , it was found that tethering the pyrazole CPI analogues 13 and 14 to the DNA-binding lexitropsins afforded, with few exceptions, conjugate molecules that showed enhanced cytotoxic activity against five different cancer cell lines in vitro.
The results show that the hybrids 15-17 were about 8-to 70-fold more potent than the alkylating unit 13. Among these, the hybrid 17 demonstrated the highest potency across the panel of tumor cell lines, especially against T-and B-lymphoblast cells, with IC 50 values between 7.4 and 71 nM. Against L1210 cells, the tripyrrole analogue 17 was 2-to 8-fold more active than the bis and monopyrrole counterparts (compounds 16 and 15, respectively). This is presumably due to the increased DNA binding of the 'longer' compounds. The IC 50 for 16 ranged between 19 and 45 nM with respect to the tumor cell lines L1210, Molt4, CEM and Daudi, but the same compound was somewhat less active against FM3A (IC 50 =190 nM).
Compound 17 was more active against L1210 cells than against the other tumor cell lines. For this series of hybrids it is possible to correlate structure with biological activity, increasing the number of pyrrole rings from one to three results in increased cytotoxic activity. IC 50 = compound concentration required to inhibit tumor cell proliferation by 50%.
The hybrids 18-20 demonstrated potent cytotoxic activity against Daudi cells (IC 50 values ranging from 11 to 100 nM). While being somewhat less toxic to the other tumor cells (IC 50 values ranging between 70 and 19 300 nM), they are always more cytotoxic than the alkylating unit 14 alone (with only few exceptions). The FM3A cell line was substantially less sensitive to the hybrids 18-20, which exhibited cytotoxic activities comparable or 3-fold higher (IC 50 values ranging from 4 to 19 µM) than that of the alkylating unit 14 alone. In the CEM cell line, compounds 18-20 demonstrated IC 50 values between 70-400 nM, which was 30-to 100-fold higher than that reported for 14, with compound 18 exhibiting potent cytotoxicity (IC 50 of 70 nM).
A fairly marked dependence on the number of pyrrolic rings for the antiproliferative activity has been observed in the 15-17 series with compound 17 comprising three pyrrolic rings proving to be the most active. The relationship between the number of pyrrole groups in the 18-20 series and their corresponding cytotoxicity did not seem to follow this pattern. In fact, the cytotoxicity was higher for the compound 18, which possesses only one pyrrole ring. It is interesting to note that the L1210 cell line was 50-fold more susceptible to the cytotoxic action of compound 20 than FM3A cells. For all cell lines, taken together, compounds possessing the same number of pyrrole rings and the alkylating unit 13 appeared to be more cytotoxic than those containing 14 as the alkylating agent.
In addition, high-resolution denaturating gel electrophoresis experiments have been performed on the hybrid compounds 15-20. When compounds 18-20 were incubated at different concentrations (ranging from 0.1 µM to 100 µM), no significant cleavage was observed by thermally induced strand cleavage of DNA fragment. For these derivatives, the presence of a benzyl group at the azaindole moiety significantly disrupted the alkylation reaction, and the effect of this substitution has presumably altered the positioning of the compound on the DNA.
In the orientation that is suitable for DNA alkylation, the benzyl group needs to protrude from the minor groove, and it is assumed that this causes large energy loss. Therefore, the introduction of a benzyl group decreased the alkylating activity and also the corresponding cytotoxicity. In contrast to the case of hybrids 18-20, hybrids 15-17 show unique DNA sequence-selective alkylation in AT-rich sequences. High-resolution denaturating gel electrophoresis indicated that 17 selectively alkylates the third adenine of the 5'-ACAAAAATCG-3' motif within a 400 bp DNA fragment, the strongest and most highly sequence-specific DNA alkylation activity observed. This compound elicited the strongest and most highly sequence-specific DNA alkylation activity. For compound 17, DNA alkylation was observed even at 50 nM. Results from this investigation suggest a promising approach for developing a new generation of DNAalkylating agents based on CPI analogues and lexitropsin hybrid system that can alkylate purine bases in a sequence-selective fashion. Because of the high efficiency of alkylation, results from the present investigation suggest that these molecules should be useful in the design of compounds that target a single gene. Further studies on the generality and the optimization of this new class of DNA alkylation systems are currently in progress.
Uramustine-distamycin A hybrids
An approach, which has proved to be particularly successful, is represented by a novel series of hybrid molecules 21-26, namely a molecular combination of the natural antibiotic distamycin A and the antineoplastic agent uramustine. Uramustine (uracil mustard) 27 is an inexpensive oral alkylating agent that has been effective in the treatment of patients with lymphosarcoma, 24, 25 chronic lymphatic leukaemia 26 and thrombocythemia. 27 Uramustine interacts in GC rich regions being able to alkylate guanine-N7 in 5'-PyGCC-3' (Py=pyrimidine) sequences. (Table 3) . Compounds 21-23 with methylene linkers of 1-3, respectively, gave similar IC 50 values in the low micromolar range. The distance between the uramustine and distamycin frame is crucial for the cytotoxicity, in fact as the size of the linker spacer increases from n=4 to 6, the cytotoxic activity is also enhanced, with IC 50 values in the range 0.07-0.14µM. Compound 26 with the longest linker length in the series was the most active compound with an IC 50 value greater than 1000 times lower than that for distamycin in this same screen. In summary, there was a large increase in cytotoxicity across the homologous series that can not be explained entirely by changes in mustard reactivity and may be related to altering orientation of the mustard with respect to the DNA. IC 50 = compound concentration required to inhibit tumor cell proliferation by 50%
DNase I footprinting experiments showed that selective covalent binding of uramustinedistamycin hybrids 21-26 to A+T rich DNA sequences with a non-covalent binding specificity is identical to that observed for distamycin and tallimustine. The compounds 24-26 were more effective at producing footprints than 21-23. These corresponded to the sequences 5'-TTTTTG, AAAACG, and TTTTTA, respectively, with the alkylation on the last base (G/A). All six derivatives bound at these sequences, but the relative extent of alkylation at these sites differed between compounds.
In the series of compounds 21-26 progressive enhancement in cytotoxic potency with the length of the polymethylene chain does not correspond to increased alkylation intensity. Instead, this observation is tentatively attributed to enhanced cellular uptake due to increased lipophilicity as the polymethylene chain extends. Two consequences can be derived from our study: a) the distamycin moiety acts binding to A/T reach DNA sequence and, consequently, is responsible for the alkylation regioselectivity found in footprinting studies; b) the higher flexibility due to a longer linker between the distamycin and uracil moieties allows the formation of complexes with the mustard moiety situated more deeply into the minor groove and, hence, with a better alkylating properties.
5-Fluorouracil-distamycin A hybrids
In some cases the hybrid drug approach apparently failed to present practical significant advantages in terms of activity, while in some cases these derivatives even lost the activity of the antitumor moiety, as occurred e.g. in a case concerning the tethering of anticancer drug 5-fluorouracil to a DST-like frame ( Figure 5, compounds 28-33) . 32 5-Fluorouracil (5-FU, compound 34) is a well known antimetabolite, used for the treatment of several malignances (e.g. breast cancer, tumors of the gastrointestinal tract and other solid tumors), 33 which express, after intracellular glycosylation, its antimetabolic potential by irreversible alkylation of thymidylate synthase (TS). 34 This homologous series 28-33 consisted of the oligopeptides distamycin A joined to 5-fluorouracil by aliphatic carboxylic acid moieties containing a polymethylene chain [(CH 2 ) n , where n=1 up to 6). In these derivatives, 5-FU contains an C-6 electrophilic center, which can be positioned near nucleophilic centers on DNA, such as N3 of adenine in the minor groove or N7 of guanine in the major groove. A flexible polymethylene spacer was chosen, to allow 5-FU to accommodate closer to the DNA target. The hybrids 28-33 were tested in vitro against the human chronic myeloid leukemia K562 cell line and compared to distamycin A. IC 50 = compound concentration required to inhibit tumor cell proliferation by 50%
Only compound 29 shows a cytotoxic activity comparable than that distamycin A, and increasing the length of the polymethylene chain from three to six does not induce large changes in the activity. In fact, the compounds 30-33 proved to be the less active with IC 50 values of 82, 153, 50 and 50 µM, respectively. For these compounds the in vitro antitumor activity was not influenced by the length of the -[CH 2 ] n linker, being comparable to that of the parent compound distamycin A. Arrested polymerase-chain experiments demonstrated selective binding of the 5-fluorouracil-distamycin hybrids to A+T rich DNA sequences.
Conclusions
In the last years several hybrid compounds in which known antitumor moieties have been tethered to distamycin frame, have been described in the literature and are still an interesting class of DNA ligands which might have a therapeutic role in cancer. The nature of antitumor agents and therefore also the rationale that led to these compounds were different. In general the interaction with DNA tends to be dominated by the minor groove binding moiety, i.e. the conjugates bind to the minor groove with preferential interaction with AT-rich sequences. Until the end of last century, the hybrid approach did not receive much attention, because it failed to present practical significant advantages in terms of activity. In fact, in some cases these hybrid derivatives even lost the activity of the antitumor moiety, as occurred when the antimetabolite 5-fluorouracil has been joined to distamycin-like frame ( Figure 5, compounds 28-33) . The present work demonstrated the validity of hybrids approach between distamycin A (as minor groove binder) and derivatives of naturally occurring antitumor antibiotics with DNA-alkylating properties. It may be noted that, in general, the cytotoxicity of these hybrid derivatives was much greater than that of the alkylating units alone. The hybrid approach with the nitrogen mustard derivative uramustine has proved so far to be particularly advantageous in terms of activity and represent an important model for the design of new cytotoxic minor groove binders. It was, in fact, disclosed the possibility of obtaining potent agents by combining moieties of mild cytotoxic activity with a DNA binding-frame derived from distamycin A, acting as a sequence-selective vector. Also in this case the interaction with DNA tends to be dominated by the minor groove binding moiety distamycin A.
